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(54) A co-sb based thermoelectric material and a method of producing the same 



(57) Tlie present invention relates to a tliermoelec- 
tric material containing CoSbs compound for converting 
heat to electricity, and provides a p-type thermoelectric 
material of CoSba having a high power factor by achiev- 
ing high Seebeck coefficient consistently with high elec- 
tric conductivity in a material of CoSt>3 system without 
causing increase in heat conductivity. 

By sintering Coq oyPto.os^bs alloy powder using the 
spark plasma sintering technique, the material ie densi- 
fied. while growth of grains is restricted, so that a higher 
electric conductivity is achieved with a heat conductivity 
maintained in a low level, and the figure of merit as a 
heat-transfer material is improved. Also, by providing 
such heat insulating layer as an oxide intermediately in 
a grain boundary of a compound of CoSbs in a sintered 
body, the heat conductivity is reduced. Further, the See- 
beck coefficient is increased lay adding a rare earth 
metal to the thermoelectrk; material of CoSbs, and 
allowing it to be precipitated in grain boundaries of the 
sintered laody. 
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Description 

FIELD OF THE INVENTION 

The present imention relates to a thermoelectric s 
material of Co-Sb system for directly converting heat to 
electricity by the Seebeck effect and a method of manu- 
facturing the eame. 

BACKGROUND OF THE INVENTION to 

Conventionally, a thermoelectric material of Bi2Te3 
Is known well as a thermoelectric material that makes 
use of Seebeck effect and Peltier elfect. and has been 
practicaDy employed in some applications. Such mate- i9 
rial has been limitediy used at about a room tempera- 
ture, because the operating temperature rartge thereof 
Is very narrow. In contrast, a thermoelectric CoSbs 
based material has the characteristics that an electron 
or hole mobility is very high in an intemietallic CoSbs so 
based compound presenting Skutterudite structure, tt is 
expected that the material can provide a high thermoe- 
lectric conversion efficiency as well as a wide operating 
temperature range. 

Generally, a property Important of a thermoelectric 25 
material is evaluated by a figure of merit Z = S ^a/k 
using Seebeck coefficient S, an electric conductivity a 
and a heat conductivity k as parameters. In order to 
irwrease the figure of merit Z. it is required that S and a 
are higher, and k is lower 30 

Regarding a thermoelectric material of CoSbs in 
prior art, Japanese Patent Publication No. 8-1B6294A 
discloses that power factor S^a Is Increased by adding 
Pd, Rh. Ru or the like to CoSba. and further points out 
that 8^9 is increased in such material, because a is 3S 
Increased by denslfying a sintered body. It is known that 
a similar effect can t^e also obtained by alternatively 
adding Pt. 

Said Japanese Patent Publication No. 8-186294 A, 
regarding techniques of manufacturing a sintered body 40 
for a thermoelectric material of CoSbs system, also dis- 
closes a method of sintering compacts of powders 
which are provided by grinding an Ingot formed by melt- 
ing Co and Sb, and a method of further denslfying the 
sintered body t^y hot pressing or HIP after the sintering 4S 
process. 

Although Pd and Pt added to a CoSbg based ther- 
moelectric material increases S^a, it never causes sig- 
nificant reduction of the heat conductivity k. In order to 
further Increase tha figure of merit of the thermoelectric so 
material of CoSbs, there is still an issue of obtaining a 
lower heat conductivity Although the electric conductiv- 
ity a can be increased by denslfying a sintered body, 
such sintering process of a long time as conventionally 
employed causes crystal grains to grow and coarsen, ss 
Since the coarsening of crystal grains simultaneously 
causes increase of the heat corKluctivity k, the figure of 
merit has never been increased so much. 



In order to use such material for a thermoelectric 
module. H is required. In terms of the efficiency of power 
generation, to produce a p-n junction by using two type 
of materials, that is. p-type and n-type thermoelectric 
materials of CoSba. Addition of either Pd or Pt conven- 
XionsSiy cortducted represents an n-type thermoelectric 
material. Although a thermoelectric material of CoSbs 
with a low content of impurities comes to be of p-type 
itself, and has a high Se^eck effect rt is low in electric 
oonductivlty tj and Insufficient In the figure of mertt. 

Regarding a p-type thermoelectric material, any 
element substitutable for Co In CoSbs has not been dis- 
covered yet, and it is required to find out a appropriately 
substitutable element tt is generally considered that 
such element similar in atomic characteristics as transi- 
tion metals of iron group, such as Mn. Cr, Fe represents 
a relatively easily substitutable element for Co. 

However, substitution of such element for Co has 
rarely been achieved by such conventional method of 
alloying it into the CoSba based material. Although addi- 
tion of the transition metal as Mn. Cr and Fe increases a 
carrier density, and brings about increase of the electric 
conductivity a, it tends to cause considerable reduction 
of the SeetMck coefficient S, hence reduction of the 
power factor S^a. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide a 
sintered body of CoSbs which brings about further 
increase of the figure of merit of a thermoelectric mate- 
rial of CoSba and a method of manufacturing tiie same. 

Another object of the present Invention to find out 
means for increasing only the electric conductivity a 
without causing increase of the heat conductivity k of a 
sintered body of CoSba and means for positively reduc- 
ing tile heat conductivity k without causing significant 
reduction of tiie elecb-ic conductivity e of a CoSba based 
sintered body. 

Another object of the present invention is to provide 
a CoSbs based sintered body containing the CoSba 
compound of allowing substitution of a transition metal 
of iron group for a part of Co contained in CoSba, to 
increase tiie figure of merit of tiie thermoelectric device, 
and a method of producing the same. 

In order to achieve the objects, the CoSbo based 
thermoelectric material of the inventton is formed to a 
sintered body with high density by using spark plasma 
sintering method from powders of CoSba compound 
which is mainly composed of Co and Sb. 

A method of producing a thermoelectric material 
according to the invention hae a characteristic of com- 
prising a step of sintering powders of CoSba compound 
to produce a sintered body with a high density by using 
spark plasma sintering method. 

Spark plasma sintering method can provide a high 
densification in tiie sintered body during sintering for 
only a short period of time, as will be described later, 
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and can increase the electric conductivity of the sin- 
terod body, allowing the figure of merit of tharmodlectric 
device to be increased. 

In spark plasma sintering, grains of a powdered 
compound of CoSba may be nmintained in the form of 
fine crystal grains without crystal growth In the sintered 
structure. Thus by finely regulating the grain size of a 
powdered compound of CoSba beforehand ae a raw 
material, the sintered body can be controlled to obtain 
fine-grained structure. An area of crystal grain boundary 
is increased in relation to a crystal grain size in a sin- 
tered body 50 that scattering of phonons In the grain 
boundary is enhanced, the heat conductivity is reduced, 
and the f ^ure of merit as the thermoelectric material Is 
increased. 

In arrather aspect of the present invention, in order 
to positively reduce the heat conductivity k without 
causing significant reduction of the electric conductivity 
a of a sintered body of CoSba, the thermoelectric mate- 
rial of the invention has further characteristic In that heat 
insulating layers are provided intermediately in a part of 
crystal grain boundaries of the CoSbs based sirrtered 
body. Because the heat insulating layers are intermedi- 
ately fornied only in a part of the grain boundaries, the 
electric conductivity may be not significantly reduced in 
the sintered body as the most part of crystal grain 
boundaries are in direct contact, while the heat conduc- 
tivily of the sintered body is relatively reduced by the 
heat insulating layer provided in the part of grain bound- 
aries, and the figure of merit aa a thermoelectric mate- 
ria! of CoSb3 can be increased. 

The thenmoelectric material with a heat insulating 
layer provided therein, a may be produced by methods 
of coating grains of powdered compound of CoSbs with 
an oxide film by oxidizing the their surface beforehand, 
and sintering a pressed compact of the powders later. In 
the sintered body obtained, the oxide film is located 
intermediately in a part of crystal grain boundary of the 
compound in the sintered body, lorming a heat insulat- 
ing layer. 

In another aspect of the invention, the method of 
producing the thermoelectric material comprises steps 
of coating powders of a compound of CoSba in a sur- 
face thereof with ceramic layers beforehand, and sinter- 
ing formed compacts of the powders. In the sintered 
body obtained in this manner, the ceramic layers is 
maintained in a part of the crystal grain boundaries of 
the sintered body, and provides heat insulating layers on 
the crystal grains. In the producing methods, the pow- 
ders of the compound coated with an oxide film or 
ceramic layer are preferably aintered by using the spark 
plasnrui sinteririg technk^ue. 

In another aspect, the present invention provkjes a 
p-type thermoelectric material of CoSbs which is a sin- 
tered body containing crystal grains of the Co8b3 com- 
pound and rare earth elements precipitated In grain 
boundaries thereof, and then a high Seebeck coefficient 
may be maintained in the CoSba compound, while the 



electric conductivity can be increased by the rare earth 
metal particles distributed In the grain boundary layers, 
even although It should be a p-type thermoelectric 
material. 

5 Particularly, in a thermoelectric material of CoSbs 

of the present Invention, a p-type thermoelectric mate- 
rial is formed by adding 0.1 to 1.7 mol% of a rare earth 
metal Ln with respect to 1 00 mot% of a CoSbs com- 
pound. The content of rare earth metal Ln should be 

10 controlled to be at 1.7 mol% or less, because as it 
exceeds 1.7 mol% the Seebeck coefficient presents a 
negative value, and the thermoelectric material comes 
to be of n-type. 

Preferably, a thermoelectrto material of Co^ 

16 according to the present Invention may include a sin- 
tered body containing the rare earth metals which are 
distributed in crystal grain isoundaries of the Co8b3 
based sintered body, and substituted by transilton met- 
als M such as Fe, Ru and Mn fbr a part of Co in the 

20 CoSbs compound. 

Specifically, a thermoelectric material of CoSbs 
according to the invention may have a composition of 
Co-j.xMxSba with a pari of Co in the crystal phase of 
CoSba substituted fbr by any transition metal M of Fe, 

23 Ru and Mn. where x Is 0.05 or less, and contains a rare 
earth metal Ln. In this case as well, the rare earth metal 
Ln of 0.1 to 1 .7 mol% should be contained with respect 
to 100 mol% of the Coi-xMxSba compound. 

Although substitution of such transition metal M as 

30 Fe, Ru and Mn is effective fbr increasing the electric 
conductivity, while it also causes reduction of the See- 
beck coefficient, as such Seebeck coefficient is com- 
pensated by addition of the rare earth metal Ln, the 
power factor 8^a of an entirety of sintered body can be 

3B increased as a result. 

More preferably, a thermoelectric material of 
CoSbs, according to the invention includes a sintered 
body comprising a first crystal phase which is CoSb^ 
phase fbrming a main part of the body and a second 

40 crystal phase of Co^.^M^Sbs (where x is between 0.01 
and 0.03) formed by substituting transition metals M 
such as Fe, Ru or Mn for a part of Co in the CoSbs 
phase. 

In the thermoelectric material of such two-phase 
46 type, the main phase serves for maintaining a high See- 
beck coeffkaent and the second phase of Coi.x'^x^bs 
substituted of the transition metal M serves for increas- 
ing the electric conductivity, allowing the entire sintered 
body to increase in figure of merit. The thermoelectric 
50 nnaterial is controlled such tiiat a content of the first 
phase comes to be in a range of 60 to 70 wt% in the 
nrmterial to maximize the power factor S^c. 

BRIEF DESCRIPTION OF THE DRAWINGS 

SB 

The invention is described in detail below with refer- 
ence lothe accompanying drawings, in which: 
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Fig. 1 8how8 a echematically sectional view of 
spark plasma sintering apparatus to be used In an 
embodiment of the invention; 

Fig. 2 is a graph showing a relation between the s 
power factor and temperature of a sintered body of 
^o.sT^to.osSbs according to an embodiment of the 

invention; 

Fig. 3 is a graph showing a relation between the io 
heat conductivity k and temperature of a sintered 
body of COo.97Pto.o3Sb3 aocording to an embodi- 
ment of the invention; 

Fig. 4 is a graph shoMring a relation between the is 
non-dimensional figure of merit ZT and tenperature 
of a sintered body of COo.97^.03Sb3 aocording to 
an embodiment of the invention; 

Fig. 5A is a schematic sectional view showing the 20 
structure of a sintered body with heat insulating lay- 
ers provided in crystal grain boundaries thereof; 
and Fig. 5B is a schematic sectional view of grains 
of a powdery CoSba compound with ceramic layers 
formed in inlersurtace thereof; 2s 

Fig. 6 is a graph showing a relation between the 
Seebeck coefficient and measuring temperature for 
a sintered body of CoSba compound containing 
1 mpl% of La according to the invention; 30 

Fig. 7 is a graph showing a relation between the 
content of La and Seebeck coefficient in a sintered 
body of CoSba compound according to the inven- 
tion; 35 

Fig. 8 is a graph showing a relation between the 
Seebeck coefficient and temperature of a sintered 
body of CoSbg compound according to an embodi- 
ment of the Invention; 40 

Fig. 9 is a graph showing a relation between the 
Seebeck coefficient and temperature for a sintered 
body of Coo.997Feo.oo3Sb3 compound containing 1 
mol% of l-a according to an embodiment of the 4S 

invention; 

Fig. 10 is a graph showing a relation between the 
Seebeck coefficient and temperature of a sintered 
body of mixed fine powders of Coq ggyFeo.oosSba so 
compound and CoSbs compound containing 1 
mol% of Sm according to a fourth embodimeni of 
the invention; 

Fig. 11 Is a graph showing a relation between the .b5 
electric conductivity and temperature of a sintered 
body of GOo.997Feo oo3Sb3 compound mixed with 
CoSbs compound containing 1 mol% of Sm accord- 



ing to an embodiment of the invention; and. 

Rg. 12 is a graph showing a relation between the 
power factor and mixing ratio of a sintered body of 
Coo.997Feo.oo3Sb3 compound mixed with CoSbs 
compound containing 1 mol% of Sm according to 
an embodiment of the invention. 

BEST MODE OF CARRYING OUT THE INVENTION 

According to the invention, a sintered Ixsdy is 
formed of CoSbs based compound, wherein the CoSbs 
based compound includes a wide range of compounds 
that present a crystalfine structure of Skutterudite type 
which is mainly composed of CoSba compound, 
with other metaiiic elements added thereto, particularly 
those with a part of Co in a CoSbs compound suk^i- 
tuted lor by other elements. For example, it may be a 
compound with a part of Co substituted for by such tran- 
sition element as Ft and Pd as a substitutive element 
composing COo.97Pto.o3Sb3, for instance. 

also, a compound formed by adding such rare earth 
metal as and Ce added to CoSba <^ used, 
to reduce the heat conductivity of a sintered bo6y may 
be also employed. 

Various methods may be used for preparation of a 
powdery compound of CoSbs providing a raw material 
to be sintered. Partk;ulariy, there may be used a method 
of melting a raw material that contains Co and Sb to 
solidify an ingot, homogenizing it during heat treatment 
to allow a compound of CoSba be uniformly precipi- 
tated in the solid, and brealdng the ingot to miU to pow- 
der into predetermined grain size. 

For example, such method is to weigh Ca Sb and 
other metals specified above to make a compound of 
above-described composition, and melt them In a melt- 
ing furnace in a non-oxidative, particularly, inactive 
atmosphere, then and eolidify the melt to solid, holding 
the ingot at a precipitation temperature (600 to 860°C) 
beiatf a initial precipitating terrperature (approximately 
876^0) of the intermetallic compound of CoSba in the 
same furnace. In the process the compound of CoSba is 
completely precipitated in the ingot, and homogeniza- 
tion is achieved. The solid ingot cooled after homogenl- 
zation is ground to powder which is classified into a 
desired grain size distribution as a powdery material for 
sintering. 

In a f ir^ aspect of the invention, spark plasma sin- 
tering technkjue is employed for sintering the povirtler of 
the intermetallic compound of CoSba to produce a ther- 
moelectric material. In the sintering technique, in sum, a 
pre-compact of the powder is charged a hollow in a 
cylindrical graphite moid and compressing it between 
two graphite plugs which are inserted through a hollow 
of the cylindrical mokl from both ends thereof, while In a 
vacuum atmosphere a |3ulse current is applied between 
both the graphite plugs in order to generate sparks 
among powdery grains of the compact in the hollow, the 
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8park heating the compact and promoting a sintering 
process to obtain a sintered body in a short period of 
time. 

A schematic sectional view of such spark piasma 
sintering apparatus is shown in Fig. 1 , where a subject 
4 to be sintered. In this case, a powder of compound of 
CoSbs or its pressed compact is charged in a cylindrical 
graphite mold 21 housed inside a vacuum chamber 1 1 , 
two graphite plugs 22 and 23 are inserted in the mold 21 
through the opposite openings of the mold 21. and 
arranged such that the subject 4 may be compressed 
between both the end surfaces of the plugs, the graphite 
plugs 22 and 23 which are connected with pressing 
means (not shown) at the other ends thereof, and a 
electric pulse power aupply 25 for heating purpose is 
connected between the graphite plugs 22 and 23. In sin- 
tering, the chamber 20 is kept in vacuum in the inside, 
the graphite plugs 22 and 23 are pressed against the 
subject 4 by the pressing means, while a cyclic pulse 
voltage E is applied between the graphite plugs 22 and 
23. An electric current heats the graphite plugs 22 and 
23 and cylindrical graphite mold 21 as it flows there- 
through, and the subject 4 is rapidly heated at the same 
time as It is simultaneously compressed l^y the force of 
the press, thus, sintering is achieved. 

In the spark plasma sintering process, because the 
CoSt>3 based compound is electrically conductive, a 
part of the current applied also flows through the subject 
(the pressed compact) 4 in the cylindrical graphite mold 
21 in a pulsatory manner, so that spark is caused in the 
vicinity of a surface contact point between grains of the 
CoSl>3 based compound in the subject 4, and they are 
fusion jolned to each other at the contact point due to 
Joule heat and a heat generated locally by discharge 
energy. 

Then, as the pulse current is continuously applied 
to the compact under the pressure of the press, fusion- 
joining is caused between the grains at arc points that 
are dispersive and transient, and the grains heated in 
such condition are compressed to increase a contact 
area in the surface of grains and densify the compound 
in a short time to form a sintered k>ody. 

In the case of the hot pressing and HIP processes 
conventionally employed, since It takes a long time to 
sinter a compound of CoSbs to make a dense sintered 
body, and growth of crystal grains in the oorrpound is, 
therefore, caused during the sintering process, even if 
the subject to be sintered is in the form of fine powders, 
a sintered body of high density and fine crystal grains 
has never been achieved. 

In the invention, owing to the spark plasma sinter- 
ing technique, a sintering process for ok>taining a dense 
sintered body is complefted in a vary short period of time 
of, for example, about 3 to 10 min, dependency on 
dimensions of a subject to be sintered, and growth of 
crystal grains can be almost completely prevented. 
TTius, the sintered body obtained as a result maintains 
a dense structure, and there is practically no crystal 



grain that is grown coarsely. It means that a crystal grain 
size of sintered body can be easily controlled by control- 
ling a grain size of powdery compound of CoSbs system 
before sintering. 

s A crystal grain size in a sintered body obtained by 
molding is preferably at 200 i^m or less, more preferably 
at 100 ^ or less, most preferably at 10^m or less. Pro- 
vision of fine crystal grains is effective in reducing the 
heat conductivity of the sintered body. According to the 

10 invention, such crystal grain size can be easily obtained 
by adjusting a grain size of powdery compound to the 
crystal grain size beforehand. Preferably, the grain size 
of powder should be at 100 or less, and a crystal 
grain size of sintered body should be at 100 jim or less 

16 after sintering. 

On the other hand, a relative density of sintered 
body should be at 98% or more. In such manner, the 
electric conductivity of sintered body can be increased, 
and the figure of merit of sintered body as a thermoelec- 

2Q trie device Is higher. 

(Embodiment 1) 

An embodiment according to an aspect of the 

25 Invention is described below. Metallic nrtaterials of Co (at 
a purity of 99.9985%), Sb (purity of 99.9999%) and Pt 
(at a purity of 99.9%) weighed to make a composition 
ratio of Coo.97Pto.o3St>3 after sintering were melted by 
heating and hold them at a melting temperature of 11 00 

30 to 1200*^0 in a crucible inside an electric furnace under 
an Ar atmosphere for 2 hrs. Then, the molten pool in the 
crucible was heated and maintained below a precipita- 
tion temperature (676°C) of CoSba at 650°C for 10 hrs., 
and a Skutterudite-type crystal structure was obtained 

ss by solid phase diffusion. A solid mass obtained was 
roughly ground In a mortar, then to fine particles of a 
mean grain size of 100 itm or less lay a planetary ball 
mill. In such manner, single-phase powder of a com- 
pound of CoSbs were obtained. 

40 The powder was prefiminarily pressed into a com- 
pact in a desired shape, placed between a pair of graph- 
ite plugs provided for compression in a graphite cylinder 
of a spark plasma sintering apparatus, and compressed 
by applying a compressive force of 500 kgf/cm^ 

46 between the graphite plugs with a vacuum chamber 1 1 
maintained in a vacuum condition in the inside, while a 
pulse current was applied between the graphite plugs. 
The compact was rapidly heated to a terrperature of 
700°C after application of the current, maintained in the 

50 condition tor about 4 min for sintering, and cooled 
immediately thereafter. Thus, a dense sintered body of 
98% or more in relative density was obtained. The pulse 
current was supplied at a voltage several V and a peak 
current of about 2000A to an inner diameter of 20 mm of 

SB the graphite cylinder In the spark plasma sintering appa- 
ratus. 

The power factor S^a of the sintered body of the 
Coo.97Pto.o38b3 composition obtained in such manner 
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is shown in Rg. 2. where the power fiactor exceede 6 x 
10'^ W/cmK^, which is achieved to a higher value than 
thre^ times the conventional value (2 x 1 0'^ W/cm^ of a 
sintered body oiDtained by hot prese. 

In Fig. 3, a change in heat conductivity k of the 
material by the spark plasma sintering is shown in rela- 
tion to temperature. The heat conductivity k is not 
increased regardless of the higher density as a result of 
the epark plasma sintering which is characterized by a 
short time of sintering process effective for preventing 
grain growth, and demonstrates the lowest value of 4 
W/mK (at 300*C). 

The non-dimensional figure of merit ZT calculated 
from the data is shown In Fig. 4, where ZT = 0.8 at about 
300'C , and a value of the figure of merit sufficient for 
practical application is obtained in a medium tempera- 
ture range of around SOO^'C. 

According to another aspect of the invention, by 
provicfing a heat insulating layer in a part of crystal grain 
boundaries of a sintered body, a thermoelectric material 
of CoSb3 is reduced in heat conductivity without caus- 
ing significant reduction in electric conductivity. In Fg. 
5A, a schematic view of a crystalline structure of sin- 
tered body is shown, where the sintered body is consti- 
tuted by a portion forming a grain boundary 44 between 
crystal grains 4 and 4 that are in contact with each other 
and a heat insulating layer 5 located intermediately 
between the grains. 

such heat insulating layer 5 can be obtained by 
using either oxide films formed by surface oxidization of 
the powdery compound of CoSk>3 or ceramic layers sep- 
arately formed in surfaces of the powdery compound of 
CoSb3. 

In the case of oxide films, the powdery compound 
may be heated in an oxidative atmosphere, for exarnple, 
the air to form coating films Inclucfing layers of an oxide 
of the compound CoSbs, mainly, an Sb oxide on sur- 
faces of the particles o the powder. 8uch oxide films are 
maintained as they are in a part of crystal grain bound- 
aries In a sintered body during sintering the compact 
powder, and provides heal insulating layers. 

Atternativeiy, in the case of the ceramic layers, the 
powdery compound of CoSbs system is formed with 
ceramic layers (n surfaces thereof, and the ceramic lay- 
ers are maintained as they are in a part of crystal grain 
boundaries in the sintered body during sintering the 
compact powder to provide heat insulating layers. 

In Fig. SB, a ceramic layer 50 formed in the surface 
of a powdery compound 40 of CoSt>3 is schenrtatically 
shown, the example of the ceramic layers include silica, 
alumina, titania and zirconia, and eudi nitride as alumi- 
num nitride and titan nitride may also be employed. 
Such oxides and/or nitrides can be provided by vapor 
deposition onto surfaces of the powdery compound of 
CoSbs using sputtering or other methods. 

In the powdery compound of CoSbg formed with 
the oxide films or ceramic layers, the grains of the pow- 
der are fused to each other at many contact points 



among them, as the surfaces thereof are activated by 
spark discharge between the grains during the spark 
plasma sintering, even though the oxide films or 
ceramic layers are present, and further connected to 

5 each other by a compressive force to form grain bound- 
aries, where the oxide films or ceramic layers fill up 
spacings between the grains at the final stage of the sin- 
tering process, thus forming the heat insulating layers of 
oxide films or ceramic layers. 

10 In this way, as shown in Fig. 5A, although the heat 
insulating layer 5 serves for reducing the heat conduc- 
tivity between the grains by heat Insulation, the electric 
conductivity Is not reduced so much as the heat conduc- 
tivity Is, because the grains are directly in contact with 

IS each other in the most part of crystal grain boundaries 
44, and the figure of merit can be accordingly increased 
as a whole. 

In another aspect, a thermoelectric material 
according to the invention comprises a sintered body 

20 containing a compound of CoSl^s which contains Co 
and Sb with a rare earth metal Ln of small amount 
added thereto. The rare earth metal Ln is preferat^ly 
selected from tantanoids. specifically. La, Ce. Nd, Sm 
and Qd. the content of the rare earth metal Ln should be 

zs at 0.1 to 1.7 Tnot% In relation to 100 mol% of the com- 
pound of CoSba. 

The thermoelectric malerial after sintering is struc- 
tured by a crystal phase of the compound of CoSba and 
precipitated particles of the rear earth metal Ln precipi- 

30 tated in a crystal grain boundaries thereof, h/lost of the 
rare earth metal is precipitated and distributed in the 
crystal grain boundaries in a clustered or particulate 
state, because either substitution or solution thereof in 
the crystallized compound of CoSbs is insignificant. 

35 Such distribution of rare earth metal is preferable in 
increasing the Seebeck coefficient. 

A thermoelectric material according to a fourth 
aspect of the invention comprises a sintered body of 
CoSba system mainly composed of Co and Sb, wherein 

40 a part of Co in the CoSbs crystal phase is substituted for 
by Einy transition metal M of Fe. Ru and Mn to present a 
composition of Coi.xM^Sba where x is 0.05 or less and 
a rare earth metal Ln is contained therein. The sinter«j 
body comprises a Co^.^M^Sba crystal phase and pre- 

45 cipitated phase of the rare earth metal Ln precipitated 
and distributed in a crystal grain boundaries. 

A method for sintering the thermoelectric materials 
comprising steps of press-forming homogeneous fine 
powder to a compact, which comprises a compound of 

50 a predetermined composition expressed by formula 
CoSb3 or Co^.x^x^b^ and the rare earth metal 1^, and 
sintering the pressed compact by firing it at a high tem- 
perature may be employed. 

Alternatively, a method of mixing fine powders of 

65 compounds of a predetermined composition each Is 
expressed by a connposition formula of CoSbs 
xMySbs with powder of the rare earth metal Ln, press- 
forming the mixed powdeiB to a compact and sintering 
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it by firing may be employed. 

A mean crystal grain size of the CoSb^ cryetal 
phase or Co^.xMxSbs crystal phase in the sintered txxiy 
should be as fine as 1 00 or less, and a higher effect 
can be obtained by further reducing a mean grain size, s 
because an area of grain boundaries is increased. The 
Seebeck coefficient is increased as the grains are 
reduced to 20 ion or lese in size. Specifically, the grain 
eize should be within a range of 1 to 1 0 ^m in order to 
increase the Seebeck coefficient. If it is less than 1 ^m, io 
however, the electric conductivity of sintered body is 
reduced. It is not preferable to preliminarily grind the raw 
material for a long time to reduce the size of crystal 
grcUns, because a composition of the crystallized com- 
pound of CoSbs may be dianged due to entrance of fbr- is 
eign substances and generation of frictionaJ heal. 

In order to provide the sintered body with fine- 
grained structure of 20 |im or less in crystal grain size, 
preferably, the partlde size of the fine powder before 
sintering is prepared to a predetermined value of 20 ^m zo 
or less, and eu6h sintering method is employed causing 
no growth of the grains of the structure in sintering. As 
such sintering method, in particular, the spark plasma 
sintering technique is preferably employed in the inven- 
tion, since time required for a sintering process can be zs 
shorter, and a sinter&j body can be provided with high 
density, as described above. 

According to another aspect of the invention, a ther- 
moelectric material comprises a sintered body of two- 
phase type, comprising a first crystal phase which is so 
formed by a thermoelectric materia! of CoSbs contain- 
ing Co and Sb with a rare earth element Ln added 
thereto to provide crystal grains of CoSba composition 
with the rare earth element Ln contained therein, and a 
seoorxi phase which is formed by sulastituting any tran- 3s 
sltion metal M of Fe. Ru and Mn for a part of Co to pror 
vide crystal grains of Coi.yMxSbs compound (where x is 
0.05 or less, particularly in a range of 0.001 to 0.03] 
containing the transitksn metal M, In the sintered kxxSy, 
the crystal grains of these two phases being intermixed 40 
with each other. 

In the sintered body of two-phase type, the crystal 
grains of the first phase and those of the second phase 
are formed from homogenous powders that are formu- 
lated separately from each other, and such method of 46 
press-forming a mixture of the fine powders of the two 
kind to a compact, and firing the compact at a high tem- 
perature for sintering may be employed. 

Regarding the mixture of powdery alloys, it is partic- 
ularly preferable that mixing and pulverization are simul- so 
taneously achieved \ay using a planetary ball mill. It is 
advamageous for subsequently connecting the cryetal 
grains by sintering, because the crystal grains of the 
first phase and those of the second phase are brought 
Into contact or connected with sach other during the ee 
mixing and pulverization process. 

For the fine powders of CoSbs containing a rear 
earth metal Ln or Coi.xMxSba of above-described com- 
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position, such melting method is preferably employed in 
order to obtain a homogenous composition. 

Specifically, for producing the powders, raw metals 
is melted in a crucible inside an electric furnace, a 
CoSbs phase is precipitated in an ingot by heat reten- 
tion including a cooling process after the melting opera- 
tion, and a thermoelectric material is produced through 
subsequent processes of grinding and pulverization of 
the ingot. 

In the melting process, the raw metals of high purity 
of Co and Sb and the specified rare earth metal Ln as 
well as the transition metal if required, are melted at 
a temperature of 1000 to IIQO^C in a crucible inside an 
electric furnace under a non-oxidative atmosphere so 
that a composition intended is obtained, then the molten 
pool in the crucible is heated and mairrtained at about 
BSO'C. that is, below upper precipitation temperature 
(876*'C) of CoSbs fbr 2 to 10 hrs. in the electric furnace. 
By maintaining It at such constant temperature, precipi- 
tation of such other intermediate pliase as CoSb and 
CoSbg is minimized, so that the amount of CoSb^ crys- 
tals having Skutterudite structure in the ingot can be 
maximized. 

In the grinding process, the ingot obtained is 
roughly ground after It is self -cooled, and further pulver- 
ized to a mean grain size of 1 00 ^m or less, preferably, 
by using a planetary ball mill or the like, fbr example, 
and f ine powders to be sintered are obtained by control- 
ling the grain size within the specified range described 
above. 

In the melting process, It is preferalsle that the rare 
earth metal Ln is alloyed with Sb beforehand, and 
added in the form of an LnSb compound, because the 
rare earth metal Ln is partiojiarly easily oxidized, and a 
yiekl into a moften metal may be low. 

A part of Sb Is apt to be e^apomted during the melt- 
ing process, since the melting point of Sb is at 630.8°C, 
and a vapor pressure is high at above-described melting 
temperature. Then, it is desired to predict a amount of 
sb lost by such evaporation, and increase the annount of 
Sb of 2 to 5% by weight beforehand. 

In carrying out the invention, the spark plasma sin- 
tering method is preferably adopted in the sintering 
process, as described above. The fine powders pre- 
pared by the melting method as already described are 
preliminarily press-formed to a compact, the compact is 
placed between a pair of graphite plugs provided for 
compression within a graphite cylinder in a spark 
plasma sir^ering apparatus, and a vacuum chamber is 
maintained in a vacuum condition. Then, the compact is 
compressed lay applying a pressure of 500 icgf/cm2 
between the graphite plugs, while a pulse current is 
supplied between the grapinite plugs. The compact 
inskle the graphite cylinder is rapidly heated to such 
temperature that sintering between the grains are easily 
achiered, fbr example, about yoO'^C after the current is 
supplied, and maintained In that condition for as short a 
time as 2 to 10 min before completion of the sintering 
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proce$8. In such manner, a dense sintered body of 90% 
or more in relative densrty can be obtained. Such 
method is advantageous In that a sintered body of high 
density can be obtained without causing coarsening of 
crystal grains because of a short time off sintering oper- 
ation. 

Embodiments according to the aspects above are 
completely described below. 

(Embodiment 2) 

Metal Co (purity of 99.9985%) and Sb (purity of 
99.9999%) and La (at a purity of 99.9%) as the rare 
earth metal Ln were fbrmulated to malce a CoSl^s com- 
position with 1 mol% of La contained therein, and 
melted by heating them at a melting temperature of 
1 100 to 1200*^0 in a crucible inside an electric furnace 
under an Ar atmosphere, and maintaining in the condi- 
tion for 2 hrs. Then, the molten metal in the crucible was 
heated and held in the crucible at aSCC for 10 hrs. in 
the electric furnace, and cooled thereafter. The ingot 
obtained was pulverized to a mean grain size of 100 i^m 
or less by a planetary ball mill after it was subjected to 
rough grinding. In such manner, fine powders of an 
allcyed thermoelectric material of CoSbs were obtained. 

The powder w£i6 preliminariiy press-formed into a 
compact, and placed between a pair of graphite plugs 
provided for compression in a grg^Dhile cylinder of a 
Gparl< plasma sintering apparatus, then compressed in 
a vacuum condition by applying a pressure of 500 
kgf/cm2 between the grap^te plugs, while a pulse cur- 
rent was applied between the graphite plugs. The pulse 
current supplied was at a voltage of several V and a 
peak current value of 2000 A with respect to an inner 
diameter of 20 mm of the graphite cylinder. The com- 
pact was rapidly heated to a temperature of 700^0 after 
application of the current, and held in the condition for 
as short a time as about 4 min for sintering. Thue, a 
dense sintered body of 90% or more in relative density 
was obtained. 

The Seebeck coefficient (mV/K) actually measured 
for the sintered body obtained in such manner of CoSba 
composition with 1 mol% of La contained therein is 
shown In relation to terrperature in Fig. 6. Data of a sin- 
tered body of CoSbs compound formed without adding 
any rare earth element is also shown as an compared 
example, arud it should be noted that the Seebeck coef- 
ficient is significantly increased in the embodiment, and 
the highest value exceeds 300 iiV/K. It is considered 
that metallic La contained was precipitated in the form 
of fine particles in the grain boundaries of CoSba crystal 
phase, and scattering of carriers was thereby 
enhanced. 

(Ennt)odiment 3) 

A sintered compound was prepared in a aimilar 
n)Bnr\Br as tiiat of Embodiment 1 by selecting La as the 



rare earth metal Ln, and changing the content of La 
within a range of 0 to 3 mol%. A relation between the 
content of La and the Seebeck coefficient of sintered 
body is shown In Fig. 7, and it Is recognized that the 

5 Seebeck coefficient of sintered body turns to be a neg- 
ative value as the content of La exceeds 1 .7 mot%. 

According to a result of observation of a polished 
section of sintered body by ueing an EPMA, although 
most of the content of La is probably distributed and 

10 retained in a crystal grain boundaries in a particulate 
form, when the content of l^ is 1.7 mol% or less, and 
the CoSbs crystals of a sintered body provides a p-type 
semiconductor. It may t>e observed that La in a number 
of particles of nrtetal La precipitated in a grain boundary 

15 is diffused and migrates or is solved into a CoSbs crys- 
tal phase, as the content of La exceeds 1.7 mol%, and 
it is. therefore, considered that the crystal phase was 
changed to an n-type semiconductor as La in the crystal 
grain acted as an electron donor. In other words, in 

20 order to obtain a p-type thermoelectric material of 
CoSt33 system by adding La. it is recognized ti^at the 
content of La is required to be at 1 .7% or less. A similar 
result is obtained with such other rare earth element as 
Ce, Nd, Sm and Gd. 

25 

(Ennbodiment 4) 

Raw materials of Co and 8b similar to those of 
Embodiment 1 and LaSb (purity of 99.9%). an alloy of 

90 La and Sb. as an alternative source of Ln were formu- 
lated to make CoSbs composition, artd melted by heat- 
ing them at a melting temperature of 1100 to 1200°C in 
a crucible Inside an electric furnace under an Ar atmos- 
phere, and maintaining in that condition for 2 hrs. 

35 In this embodiment, LaSb was synthetically pro- 
duced by using a method of melting and alloying. By 
alloying the rare earth metal and Sb, a loss caused in 
the oxidization-sensitive metal due to oxidization during 
such process as mixing and heat treatment can be pre- 

40 vented. 

Then, similarly to Embodiment 2. In order to obtain 
a crystalline structure of skutterudite type, the molten 
pool was retained in the crucible, and heated and main- 
tained at 850"*C for 10 hrs. as In the case of Embodl- 
45 ment 1 , and an ingot otatained was pulverized to a mean 
grain size of 100 |im or less by a planetary t>all mill after 
It was subjected to rough grinding. Thus, powders o1 an 
alloyed thermoelectric material of CoSt>3 system were 
ot^ained. 

so The powders were treated In a manner similar to 
that of Embodiment 1, and a dense sintered body of 
90% or more in relative density was obtained by using 
the spark plasma sintering method. Conditions of a 
spark plasma sintering process were identical with 

ss those for Embodiment 2. 

The Seebeck coefficient of the sintered txxly 
obtained in such manner Is shown in relation to a meas- 
uring tennperature in Fig. 8. The Seebeck coefficient is 
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significantly increased from that of a eintered body of 
CoSbs compound shown as a conrparison Gxampie. It is 
improved in comparison with that of the sintered com- 
pact of Embodiment 1, although the improvement is 
only slight. The way of adding La in the form of an LaSb 
alloy is also applicable to such other rare earth metai as 
Ce. Nd. 8m and Q6, and a similar result is obtained. 

(Embodiment 5) 

In a thermoelectric material of the invention, raw 
materials of metals Co (purity of 99.998S%). Sb (purity 
of 99.9999%), La (purity of 99.9%) as the rare earth 
metal Ln and Fe (purity of 99.9%) as the substitutive 
transition metal M were formulated 1o make a composi- 
tion of Coo.ggyFeo.ooaSbs, and melted them at a melting 
temperature of 11 00 to 1200*'C In a crucible of an elec- 
tric furnace under an Ar atmosphere for 2 hrs. Then, in 
order to obtain Skutterudite crystalline structure in the 
process of solidification and subsequent solkj phase dif- 
fusion, the molten metal in the crucible was heated and 
held at 850° C for 10 hrs.. and cooled thereafter in the 
crucible, the ingot obtained was subjected to rough 
grinding, then powders thereof were pulverized to a 
mean particle size of 1 00 jam or less by a planetary ball 
mill. The powders were preliminarily press- formed in a 
manner similar to that of Embodiment 1 . and sintered by 
using a spark plasma sintering apiaaratus, and a dense 
sintered body of 90% or more in relative density was 
obtained. 

The Seebeck coefficient off the sintered txsdy 
obtained in such manner of CoSb3 system with Fe and 
La contained therein is shewn in Rg. 9. It is recognized 
in the figure that the Seebeck coefficient is relatively low 

in a converttional sintered body of CoSkjg compound 
with Co substituted for only by Fe in comparison with a 
sintered body without substitution by Fe (compare with 
data of La 0% in Fig. 11 ; the electric conductivity (not 
shown) Is, however, higher on the contrary). On the con- 
trary, the Seebeck coefficient is increased in the sin* 
tered body of CoSba with 1 mol% of La also contained 
in the presence of Fe therein according to the embodi- 
ment. It is conskiered to be because the hole scattering 
effect is enhanced by La grains present in the grain 
boundaries. 

Also, a similar effect was obtained by using such 
transition metal eis Ru and IVln in place of Fe and such 
rare earth element as Ce, Nd, Sm and Qd in place of La. 

(Embodiment 6) 

According to the fifth mode, a thermoelectric mate- 
rial of two-phase type comprise a first phase which is 
formed by adding 1 mol% of Sm to a CoSbe compound 
to provide CoSbs composition with 1 mol% of Sm con- 
tained therein and a second phase which is formed by 
substitution of Feto provide COosgyFeo.oos^s compo- 
sition was produced by using Fe as the transition metal 



M and Sm as the rare earth metal Ln. 

First, by using Sm (purity of 99.9%) In addition to 
metal Co. Sb and Fe at high purity similar to those of 
Embodiment 2 as raw materials, two types of altoys. one 

5 composed of CoSbs with 1 mol% of Sm contained 
therein and the other composed ot COo.gsyFeo.ooaS^ 
by substitution of Fe. were individually produced, 
respectively, by melting the materials in a crucible inside 
an electric furnace in a manner similar to that of Embod- 

10 iment 1 . Fine powders of said two compositions of 100 
Mm or less in grain size were prepared, respectively, by 
pulverizing an ingot that was maintained at a high tem- 
perature. 

The two types of powdery alloys were mixed with 

7S each other in such manner that the compounding ratio 
by weight between the fine powders of CoSbs contain- 
ing 1 mol% of Sm and fine powders of the Fe-substitu- 
tion product (COo.ggyFeo.oosSba) comes to be at 10:0, 
7:3, 5:5 and 0:10, and further mixed and gn^und by a 

20 planetary ball mill to obtain four kinds of powdery mix- 
tures. Each of the powdery mixtures obtained was sub- 
jected to preliminary press-forming, then the pressed 
oomjKict obtained was placed between a pair of graph- 
ite plugs provided for compression in a cylinder of spark 

2S plasma sintering apparatus in a manner similar to that of 
Embodiment 1 , and compressed by applying a pressure 
of 500 kgf^cmg between the graphite plugs with a vac- 
uum chamber maimained in a vacuum condition, while 
a pulse current at a voltage of several V and a maximum 

30 current value of about 2000A was applied to the graph- 
ite plugs. After application of the current, the molding 
was rapidly heated to a temperature of 700*'C, and 
maintained in that condition for 4 min for sintering. In 
such manner, a dense sintered body of 90% or more in 

35 relative density was obtained. The spark plasma sinter- 
ing method was conducted in a manner similar to that 
employed in Embodiment 1 . 

The Seebeck coefficient of a composite sintered 
material of 7:3 in the mixing ratio between the CoSbs 

40 oonnpound containing Sm and Coc,.997Feo,oo3Sb3 com- 
pound is shown in Rg. 10. and the electric conductivity 
In Fig. 11. It is recognized that the connposite sintered 
body demonstrates the Se^eck coefficient intermedi- 
ately located between those of the sintered body of 

46 CoSbs system containing Sm alone and the sintered 
body of CoSbs oonnpound with sut^titution of Fe alone 
in Fig. 10 and the electric conductivity also intermedi- 
ately located between them in Fig. 1 1 . 

In Fig. 12, a relation between the mixing ratio and 

so the power factor at 120°C of the composite sintered 
body is shown, where the sintered body prepared by 
mixing the fine powders of CoSbs containing Sm and 
those of Fe substitution product (COo.g97Feo.oo3Sb3) in 
the ratio of 7:3 is higher in power factor in comparison 

ee with the sintered body of CoSbs containing Sm alone. 
Thus, by mixing the powdery alloys of two types 
described above, the Seebeck coefficient and electric 
conductivity come to be consistent with each other. 
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Although the power factor of sintered body of 1 :1 in the 
mixing ratio is also shown in the figure, because the 
Seebeck coefficient is low in such case, the power factor 
exceeding that ot the sintered body of CoSba containing 
Sm alone cannot be achieved. 

A similar effect was obtained by using such transi- 
tion metal as Ru and Mn alternatively to Fe and such 
rare earth element as La, Ce, Nd, Sm and Gd alterna- 
tively to Sm. 

Claims 

1 . A CoSba based thermoelectric material which con- 
tains Co and 8b, oonnprising a sintered body with 
high density which is formed by sintering powder of 
a compound of CoSba using spark plasnna sintering 
technique. 

2. A CoSb3 based thermoelectric material according 
to Claim 1, wherein the sintered body has 100 

or lees of crystal grain size of the compound of 
CoSbg. 

3. A CoSba based thermoelectric material according 
to Claim 1 or 2, wherein the sintered body has 98% 
or more of relative density. 

4. A CoSb3 based thermoelectric material which con- 
tains Co and Sb. comprising a sintered body 
formed by sintering powder of the compound of 
CoSt>3 with high density, wherein In the sintered 
body a part of crystal grain boundaries of the com- 
pound of CoSba are provided with heat Insulating 
layers. 

5. A CoSba based thermoetectric material according 
to Claim 4, wherein the powder is coated with oxide 
films by surface oxidization and the heat insulating 
layer is provided by the oxide films retained in the 
part of crystal grain boundaries of the compound of 
CoSbs in the sintered body. 

6. A CoSbs based thermoelectric material according 
to Claim 4, wherein the powder is coated with a 
ceramic layer in a surface thereof, and the heat 
insulating layer is provided by the ceramic layer 
retained in the part of crystal grain bourvlary of the 
compound of CoSbs. 

7. A CoSbs based thermoelectric material according 
to Qaim 5 or 6 wherein the sintered body is aintered 
using spark plasma sintering technique. 

8. A CoSbs based thermoeledric material which con- 
tains Co and Sb, comprising a sintered body 
formed by sintering powder of a compound of 
CoSb3 with high density, wherein the sintered body 
contains one or more rare earth metals of 0.1 to 1 .7 
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mot% as a rare earth element with respect to 100 
mol% of the CoSbs compound. 

9. A CoSba based thermoelectric material according 
to Claim 8. comprising a first crystal phase contain- 
ing the CoSba compound and precipitated particles 
containing the rare earth metal which are precipi- 
tated in a crystal grain boundaries of the first crystal 
phase. 

10. A CoSba based thernx)electric materiaJ according 
to Claim 8 or 9, wherein the rare earth metal Ln is 
added in the fprm of LnSb which is an alloy of Lxi 
and Sb. 



11. A CoSba based thermoelectric material accordb^ 
to Claim 8 or 9. wherein the sintered body has a 
composition of Co ^x^^x^^ (where x is 0.05 or less) 
by substituting a part of Co of the CoSba compound 

go with any of transition metals M of Fe, Ru and Ma 

12. A CoSba based thermoelectric n^erial according 
to Claim 8 or 9. comprising a sintered body of fine 
powders of the CoSba corrpound mixed with fine 

25 powder of the rare earth metal Ln. 

13. A Co%3 based thernnoelectric material according 
to Claim 9. corrprising the sintered body containing 
the first crystal phase and a second crystal phase 

so of a composition of Coi.xM^Sba (where x is 0.05 or 
less) by substituting a part of Co of the CoSba com* 
pound with any of transition metals M of Fe, Ru and 
Mn. 

55 14. A CoSba based thermoelectric material according 
to ClBim 13, wherein the sintered body contains the 
first crystal phase within a range of 80 to 70 wt% 
and the second crystal phase within a range of 30 
to 40 wt%. 

40 

15. A CoSba based thermoelectric material according 
to Claim 13. comprising a sjnter«J txDdy which is 
formed of mixed powders containing a first powdery 
alloy comprising a CoSba compound which con- 

45 tains Co and Sb and particles containing a rare 
earth metal at a content of 0.1 to 1.7 mol% with 
respect to 100 mol% of the compound, and a sec- 
ondary powdery alloy of a composition of Coi. 
xMxSt>3 (where x is 0.05 or less} by substituting a 

so part of Co of the CoSba compound with any of tran- 
sition metals M of Fe, Ru and Mn. 

16. A CoSba based thermoelectric material according 
to Claim 13, wherein the mixed alloy powders con- 

05 tain 60 to 70 wt% of the first powdery alloy and 30 
to 40 wt% of the second powdery alloy. 

17. A CoSba based thermoelectric material according 
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to Claim 16. wherein the mixed alio/ powdere are 
praparod by using a planetary ball mill to simullane- 
^ ou8ly achieve both mixing and finely pulverizinQ the 

alloys. 

18. A CoSbs based thermoelectric material according 
to any one of Claims 8 to 1 0, 1 2 and 1 S, wherein the 
rare earth metal Ln is a1 least one selected from La, 
Ce. Nd, Sm and Gd. 
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1 9- A method of producing a CoSbs based thermoelec- 
tric material containing Co and Sb, conprising a 
step of sintering powder of a compound of CoSba to 
make a sintered body of a high density by using 
spark plasma sintering lechniqua le 

20. A method according to Claim 19, wherein the pow- - 
der has 1 00 ^m or less of grain size, and the sin- 
tered body has 100 p^m or less of crystal grain size 
and 98% or more In relative density. 20 

21. A method of producing a CoSba based thermoelec- 
tric material containing Co and Sb, comprising 
steps of coating powder of a compound of CoSbs 
with an oxide film by oxidizing surfaces thereof, zs 
pressing the powder to a compact in desired shape, 
and sintering the compact with high density. 

22. A method of producing a CoSbs based thermoelec- 
tric material containing Co and Sb. comprising 30 
steps of coating powder of the compound of CoSbs 
with a ceramic layer in surfaces thereof, and sinter- 
ing the powders of the compound to make a- sin- 
tered body of a high density. 

36 

23. A method according to Claim 21 or 22. wherein the 
powder are sintered by using spark plasma sinter- 
ing technique. 

24. A method according to Claim 21 or 22. prior to the 40 
coating st^. further comprising a step of melting 
specified quantities of Co. Sb and other predeter- 
mined metals into a ingot, homogenizing the ingot 

for crystallization of the connpound of CoSba, and 
pulverizing the ingot into the powder. 46 
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Fig. 10 
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Fig. 12 
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